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Recent evidence bearing on cellular senescence has come from cell fusion and clonal 
lifespan studies. To date, no model has been developed that is consistent with the recent 
findings. 

The purpose of this paper is to present a mechanism for cell senescence that is 
qualitatively consistent with the experimental evidence. 



INTRODUCTION 

The observation that human diploid fibroblasts have a limited replicative lifespan 
in vitro [1] has generated a wealth of competing hypotheses [2]. Recent evidence 
bearing on cellular senescence has come from cell fusion [3] and clonal lifespan studies 
[4, 5] . The restrictions imposed by these data provide a backdrop against which specific 
mechanistic hypotheses can be tested or developed. The evidence accumulated to date is 
most compatible with the general idea of a genetic program of in vitro aging or terminal 
differentiation [6, 7]. Several models fall within this category [8, 9] ; however, the 
majority lack specific mechanistic hypotheses [10]. Only recently have molecular 
mechanisms been proposed in partial explanation of a genetic theory for cell senescence 



SUMMARY 




EXPERIMENTAL BACKGROUND 



There are certain key experimental observations that we feel must be considered 
when proposing a theory to account for in vitro cellular aging. For convenience of 
reference these data are presented in the following form: 
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(1) Mass culture data: (a) Mass cultures lose replicative competence after a limited 
number of population doublings [1] . This is accompanied by a gradual increase in the 
fraction of non-dividing cells [13, 14]. (b) Spontaneously transformed cell cultures, 
cultures transformed by virus (SV-40) or chemical carcinogens and certain cultures 
established from tumors have an indefinite lifespan, (c) The individual cells within a mass 
culture are extremely heterogeneous with respect to doubling potential. The mean 
doubling potential of small samples of cells taken from a mass culture decreases with 
increasing doublings of the mass cultures [4,5]. 

(2) Clonal culture data: (a) A bimodal distribution of intraclonal division potential 
of fibroblasts has been reported [4, 5] . (b) A bimodal distribution of division rates of 
serial subclones of fibroblasts and HeLa cells [7, 15] has been observed, (c) Variation 
has also been observed in the division potential of sister cells [5, 16, 17] . 

(3) Cell fusion data: (a) The fusion of young actively dividing cells to senescent 
cells produces cells unable to initiate DNA synthesis [18, 19]. (b) Transformed or 
cancerous cells fused to normal senescent cells produce either (i) initiation of DNA 
synthesis in the senescent nucleus, or (ii) a failure to initiate synthesis in either nucleus, 
depending on the immortal cell type [20, 21]. (c) Cells reconstructed from cytoplasts 
and karyoplasts indicate that the "senescence" character is dominant [22] . (d) Fusion of 
normal cells of varying lifespans produces tetraploid clones of intermediate lifespan [23] . 

The results from the mass culture studies are consistent with some type of multiple 
step process that results in a relatively precise timing of the loss of replicative compe- 
tence. The heterogeneity observed in the clonal data indicates an intracellular stochastic 
element that must be reconciled with the consistent lifespan of the mass cultures. The 
variation in division potential of sister cells suggests some type of unequal partitioning 
during cytokinesis. The cell fusion studies indicate that senescent cells synthesize a 
substance that has the ability to diffuse through the cytoplasm and inhibit the initiation 
of DNA synthesis in an otherwise active nucleus. It should also be noted that, given the 
results from the fusion of two normal cells, the hypothesis that recessive mutations 
cause limited lifespan is unlikely [23] . 

In short, senescence appears to result from a diffusible inhibitor that is produced in a 
stochastic manner, yet results in a consistent timing for the loss of replicative competence of 
mass cultures of human diploid fibroblasts over a period of 100-200 cell generations [24] . 

In agreement with Stein and Yanishevsky [21] , we would propose that cells can 
become "immortal" in at least two ways: (1) they lose the ability to produce active 
inhibitor gene products; for example, by somatic cell mutation or chromosome loss, 
(2) they make a new product that renders the inhibitor ineffective. As proposed previous- 
ly [21], this would account for. the results obtained from the fusion of senescent cells 
with various immortal cell lines [20, 21] . 

A STOCHASTIC MECHANISM 

We have developed a tentative hypothesis that is consistent with the experimental 
findings discussed above which could account for in vitro cellular senescence. This 
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hypothesis is based on well-known biological processes or processes which have been 
postulated in other contexts. The main features of this hypothesis are listed below. 

(1) Normal human cells contain a gene which codes for an inhibitor of DNA synthe- 
sis. This gene is not expressed in young cells. (2) The expression of the inhibitor is 
prevented by a repressor. (3) The gene coding for the repressor exists in multiple (perhaps 
tandem) copies. (4) The repressor gene copies can be lost through several mechanisms 
including imperfect replication or non-precise partitioning between sister cells. (5) When 
the number of repressor gene copies reaches a minimum threshold, the inhibitor gene is 
no longer repressed. (6) Once the inhibitor is expressed at a sufficient level, it is 
reinforced by a positive feedback mechanism. 

From a procedural standpoint, we assume that young cells have an excess of repres- 
sor gene copies that function to prevent expression of the inhibitor. As cells divide, they 
distribute these repressor gene copies in a process that contains a stochastic component. 
This could be due to unequal crossing-over of chromosomal DNA or to non-precise 
physical partitioning of autonomous genetic elements. This process accounts for the 
variability observed in mass and clonal cultures and clones derived from sister human 
fibroblast cells. In other cell types the repressor gene copies may be distributed in a 
directed manner. If all or most of the copies were directed into one cell at each mitosis, 
this would result in stem cells and would account for the immortality of the germ line. 

To model the loss of replicative competence in normal cells, we postulate the 
gradual loss of repressor gene copies throughout the in vitro lifespan. This could occur 
in two ways: (1) loss or inactivation of a certain number of copies at each cell generation; 
or (2) loss or inactivation of a certain proportion of copies at each generation. In the first 
instance the strongest effect will be found when the number of repressor gene copies is 
small. The second case would result in the reverse situation; i.e. a large number of gene 
copies would be inactivated when the number of repressor gene copies was large. Either 
of these processes would result in the gradual loss of proliferative potential with 
increasing in vitro population doublings. It is also possible that accidental loss of repres- 
sion could occur even when several copies of the repressor gene are present. The probabi- 
lity of this occurrence would be inversely proportional to the number of repressor gene 
copies and would lead to an abrupt loss of division potential resulting in the observed 
bimodality of intraclonal proliferative potential [5] . Near the end of the in vitro lifespan 
of a culture, the interdivision time of the individual cells increases [15, 16], This could 
result from low-level transient production of the inhibitor. During this stage the level of 
inhibitor production is not large enough to be "locked on*' by a positive feedback 
mechanism. In the context of this model the increased in vitro lifespan obtained by 
glucocorticoids for human embryonic lung fibroblasts [25] or fibroblast growth factor 
for bovine endothelial cells [26] could result from either increased synthesis of repressor 
gene product, or increased affinity of the repressor for its active site in the presence of 
the growth factors. 

Cell reconstruction experiments [22, 27] indicate that the nucleus is primarily 
responsible for determining the in vitro lifespan of human diploid fibroblasts. However, 
when the cytoplasm of an old cell is combined with the nucleus of a young cell, the 



390 



resulting cell has an impaired ability to proliferate [22] . These results suggest that the 
inhibitor gene and the repressor gene copies are both located in the nucleus. 

If this is the case, the repressor genes could be either chromosomal or extra- 
chromosomal. If the repressor genes are located within the chromosomes a mechanism 
suggested by Johnson and Strehler [28] is applicable. This process involves the selective 
loss of tandemly duplicated genes through the deletion of hairpin loops caused by mis- 
registered pairings. This theory provides for both the clonal variation and for the gradual 
loss of repressor genes. A similar idea has been presented by Tartoff [29] who sees 
unequal sister chromatid exchange both as the result of misregistered pairings and as the 
cause of ribosomal RNA gene amplification. In this context the relatively high basal level 
of sister chromatid exchange found in human diploid fibroblasts is suggestive [30] 
Unequal crossing-over between homologous chromosomes (somatic recombination) 
has been suggested as the basis for cellular senescence [31] . Good [12] has proposed that 
the loss of DNA inherent in the replication process, could also provide a mechanism for 
cellular aging (theory of marginotomy). 

In the classical case of ribosomal RNA gene amplification in amphibian oocytes, 
the genes are located extra-chromosomally in the nucleoli (or episomes) [32-34] . Recent 
work on human oocytes indicates a four-fold increase in ribosomal DNA which correlates 
w,th nucleolus-like structures [35] . If the repressor genes behave in a manner analogous 
to ribosomal RNA genes then unequal partitioning during cytokinesis would explain the 
clonal hfespan variations. The loss of repressor gene copies (DNA) posited by this model 
is analogous to the finding of an age-related decrease in hybridizable rDNA loci in canine 
brain, heart and skeletal muscle and heart, hippocampus and sensory motor cortex of 
aged human subjects [36-38]. Again, Strehler's selective loss hypothesis may be 
applicable. The importance of multiple gene copies as they relate to a theory of in vitro 
aging has been cogently argued by Olino and Nagai [10] . 

At this time there is at least one other biological process which is consistent with 
this model. That is the instability of gene-amplified drug resistance [39] . The resistance 
of mouse cells to methotrexate results from high rates of synthesis of dihydrofolate 
reductase and correspondingly high numbers of reductase genes in cells selected by 
growth in the presence of methotrexate. In many of the resulting cultures the resistance 
is gradually lost when the cells are grown in the absence of the drug. This combination 
of initial amplification followed by sequential loss fits the model proposed here very well. 

We should also consider the possibility that the repressor gene copies are extra- 
nuclear. In this context, the analogy between plasmid inheritance in bacteria and mito- 
chondrial inheritance in mammalian cells deserves mention. The loss of repressor gene 
copies could be due to the failure to replicate before division, while the intraclonal 
variability would be due to random assortment of repressor gene copies into sister cells 
at cytolonesis. Evidence for the occurrence of these processes in bacteria has been 
produced and modeled [40] . 

The possible mechanism presented here strongly points up the need for more data 
for future tests of this model. Fusion of clones of cells with disparate lifespans could 
produce evidence against which this hypothesis can be tested. Quantitative computer 
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simulation of this model is now in progress and will allow future tests relevant to in vitro 
aging, especially concerning the proliferative potential of hybrid clones of the kind men- 
tioned above as well as to the loss of methotrexate drug resistance. 

Furthermore, this hypothesis predicts the decrease of a specific protein - the 
repressor gene product - during in vitro aging and the appearance of a new protein in 
senescent cell cultures - the "inhibitor". If the repressor gene product can be identified 
then the decrease in repressor gene copies with age can be verified using RNA-DNA 
hybridization techniques. It is also possible that the mechanism of control of the DNA 
synthesis inhibitor gene is not unique. In that case we would expect to find an increasing 
proportion of human diploid fibroblasts in senescent cultures producing atypical 
products, such as hemoglobin, albumin, etc. 
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